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Abstract
Within this paper an extended strip-yield model for the simulation of fatigue crack growth in nodular cast iron under variable
amplitude loading is presented. The model is based on the conventional strip-yield model and by using an additional boundary
condition the formerly observed crack acceleration eﬀects after applied overloads can be described. A comparison of experimental
results and simulation shows the applicability of the extended strip-yield model for single spike overloads as well as for random
load sequences.
c© 2014 The Authors. Published by Elsevier Ltd.
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1. Introduction
Nodular cast iron is today increasingly used for safety relevant structural components like nuclear shipping casks,
automotive components or parts of wind energy turbines. Due to the inhomogeneity of the material, consisting of a
ferrite matrix and embedded nodular graphite particles, the probability of fatigue cracks emanating from the embedded
particles must be taken into account within the fracture mechanics assessment of structural components. Recent
experimental investigations of fatigue crack growth in cast iron materials under variable amplitude loading show,
that there are unexpected eﬀects in terms of pure crack growth acceleration after overloads (Hu¨bner et al., 2007;
Mottitschka et al., 2012). Optical investigations (Zybell et al., 2012) revealed, that ductile mechanisms are responsible
for the acceleration eﬀects. These so-called overload eﬀects lead to non-conservative results respecting the remaining
lifetime, if conventional computing methods for variable amplitude loading, like the strip-yield model (SYM) in the
NASGRO software (ten Hoeve and de Koning, 1991) are used. Within this paper an extended SYM is presented, which
considers the overload eﬀects in nodular cast iron. This model is based on the conventional SYM by Newman (1981).
By using an additional boundary condition with a two-parametric approach, the overload eﬀects can be described
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for various types of nodular cast iron. The additional two parameters of the extended model can be obtained from
fatigue crack growth experiments with several single spike overloads. A comparison of simulation and experimental
results shows the applicability of the extended strip-yield model for single spike overloads as well as for random load
sequences like WISPERX (ten Have, 1992). Using the extended model, conservative predictions of fatigue crack
growth in nodular cast iron under variable amplitude loading are now possible.
Nomenclature
a crack length
da
dN crack growth rate
h weight function
n exponent of the two-parametric criterion
N load cycles
K stress intensity factor
L length of bar element
L∗ critical length of bar element
L∗0 reference value of L∗ for single spike overload
R stress ratio
S applied loading stress
V crack opening displacement
σ stress within bar element
ρ plastic zone size
2. Material and Experiments
The investigated material EN-GJS-400-18LT is a ductile cast iron consisting of a ferrite matrix and around 10%
nodular graphite particles. The mechanical properties of the material were determined by tension tests and are given
in Tab. 1. The fatigue crack growth experiments were performed on a servo-hydraulic MTS testing machine with
standard single-edge-notched specimens under three-point bending (SENB3). The fracture mechanical properties of
the material for constant amplitude loading are given in terms of the ﬁtted constants of the NASGRO equation in
Tab. 2.
Table 1: Mechanical properties of the investigated material EN-GJS-400-18LT.
tensile strength yield stress elongation at rupture Young’s modulus Poisson’s ratio
σuts [MPa] σy [MPa] εr [-] E [MPa] ν [-]
374 242 0.23 179000 0.27
Hu¨bner et al. (2007) investigated fatigue crack growth in nodular cast iron under variable amplitude loading for the
ﬁrst time. They discovered unexpected eﬀects in terms of pure crack growth acceleration after overloads without any
retardation in the fatigue crack growth rate da/dN like in conventional metals (like steel or aluminium alloys), see also
Fig. 1. They attributed these so-called overload eﬀects to damaging mechanisms like graphite particle debonding and
microcrack initiation in front of the crack tip, which have been observed in SEM studies when overloads were applied.
In addition, the fatigue crack growth under the random load spectrum WISPERX was investigated experimentally.
Calculations of the remaining lifetime using diﬀerent load interaction models showed, that the mentioned overload
eﬀects lead to non-conservative results for nodular cast iron. In recent experiments Mottitschka et al. (2012) studied
the inﬂuence of consecutive single spike overloads interspersed every 1000 load cycles into a constant base load.
The corresponding crack propagation curve is depicted in Fig. 4a. There is a smaller acceleration due to the second
overload, which has the same overload ratio Rol = Kol/Kmax as the ﬁrst one. Hence, there is a history eﬀect in terms of
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(a) (b)
Fig. 1: Crack acceleration eﬀects after overloads in nodular cast iron: (a) crack length vs. load cycles and (b) crack growth rate vs. load cycles
(Hu¨bner et al., 2007)
reduction of the crack acceleration as long as the current crack tip is still inﬂuenced by the plastic zone of the overload
applied before.
In order to elucidate the micromechanisms being responsible for the overload eﬀects in nodular cast iron, optical
in-situ investigations with a pulsed reﬂection microscope were performed, see Fig. 2a. The used camera system is
based on the principle of an episcope and it is possible to take optical real-time recordings of running experiments on
SENB3 specimens. A characteristic picture of the microstructural eﬀects of a single tensile overload is presented in
Fig. 2b. Here, a large overload (close to the critical cyclic stress intensity factor ΔKIc) was introduced into a constant
cyclic load with a stress ratio of R=0.1. When the overload is applied, a large bone shaped plastic zone and crack
branching occur and the branches slip forward by ductile crack growth in 45 degree direction. The amount of this
ductile crack extension is much larger than a normal crack growth increment caused by an overload in a homogeneous
material (Zybell et al., 2012). These ductile mechanisms found in nodular cast iron were recently conﬁrmed also for
ferritic-pearlitic cast iron (Iacoviello et al., 2013).
Table 2: NASGRO parameters of the investigated material EN-GJS-400-18LT (Mottitschka et al., 2012).
ΔK0 [MPa
√
m] Kc [MPa
√
m] C [-] m [-] p [-] q [-] Cth+ [-]
10.1 33.2 3.9E-09 3.8 0.4 0.4 2.6
3. Extended Strip-Yield-Model
Load interaction models, like the Wheeler model (Wheeler, 1972), the Willenborg model (Willenborg et al., 1971),
or the Strip Yield Model (SYM), are usually used for the fracture mechanics assessment of fatigue cracks under
variable amplitude loading. The classical SYM (Newman, 1981) is an extension of the Dugdale model and it is used
to calculate the amount of plasticity-induced crack closure. Within the SYM the plastic zone is split into rigid bar
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(a) (b)
Fig. 2: (a) Experimental setup with integrated pulsed reﬂection microscope and (b) ductile mechanisms during applied overload (Zybell et al.,
2012)
elements. During crack growth these elements are separated and are still contained on the crack surfaces. The behavior
of the bar elements is deﬁned as elastic ideal-plastic and a contact boundary condition is formulated for the broken
elements. The result of a simulation with the SYM is the crack opening stress S op, which deﬁnes the loading value at
which there is no contact anymore between the crack surfaces.
The main fracture mechanics quantities in the SYM are the stress intensity factor K(a) and the crack opening
displacement V(x, a), which can be computed from the applied crack surface load σ(x) by using weight functions
h(a, x).
K(a) =
∫ a
0
σ(x) h(a, x) dx (1)
V(x, a) =
1
E′
a∫
x
K(a) h(a, x)da (2)
In order to be able to simulate diﬀerent crack conﬁgurations, approximated weight functions according to Wang
(1991) were used for the calculation of the crack opening stress S op based on lengths Li of the rigid elastic-plastic bar
elements. The approximated weight function h(a, x) consists of corresponding functions βi, which are given in Wang
(1991) resp. Kim and Lee (2000) for several standard specimens.
h(a, x) =
√
8
πaW
4∑
i=1
βi(a) (a − x)i−3/2 (3)
The emerging crack growth acceleration eﬀects in nodular cast iron were incorporated in the normal SYM by
an additional boundary condition. If the plastic deformation of a bar element exceeds a critical value L∗ during an
overload, see Fig. 3a, this element is separated at once and can subsequently not carry any tensile and compressive
stresses anymore.
Li ≥ L∗ : σi > 0 → σi = 0 , σi < 0 → σi = 0 . (4)
Eq. 4 is implemented as an additional boundary condition. The sequence of a crack growth calculation with the
extended strip yield model (eSYM) is depicted schematically in Fig. 3b. The calculation procedure is basically the
same as in the normal SYM, but with an additional check of Eq. 4 during the evaluation of the SYM at the maximum
load request.
In order to incorporate the interaction eﬀects for consecutive overloads a two-parametric criterion for the critical
element length was introduced:
if (a1 + ρmax1) > (a2 + ρmax2) : L∗ =
[
1 + ((a1 + ρmax1 − a2 − ρmax2)/ρmax1)n] L∗0 . (5)
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(a) (b)
Fig. 3: Criterion for crack growth acceleration (a) and schematic sequence of crack growth calculation with the extended strip yield model (b)
In Eq. (5) the values a1 and a2 are the crack lengths when the ﬁrst resp. the second overload are applied. Furthermore,
ρmax1 and ρmax2 are the sizes of the static plastic zones due to the overloads and L∗0 is the reference value of the critical
plastic deformation from the single spike overload scenario. As long as there is interaction, e.g. the overload plastic
zone of the second overload grows out of that from the ﬁrst one, the exponent n controls the remission behavior of the
load history eﬀects by Eq. (5).
4. Results and Discussion
With the extended SYM based on Eq. (4) it is possible to simulate crack acceleration for single spike overloads.
The parameter L∗ can be used to ﬁt the numerical results to experiments with diﬀerent overload ratios as shown
(a) (b)
Fig. 4: Comparison of experimental and numerical results with the conventional (SYM) and extended (eSYM) strip-yield model: (a) for a sequence
of consecutive various single spike overloads and (b) under load spectrum WISPERX .
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in Mottitschka et al. (2010). Regarding consecutive single spike overloads, interspersed after a certain amount of
cycles with constant amplitude loading, the interaction behavior has to be taken into account and Eq. (5) must be
incorporated. Fig. 4a shows a comparison of experimental and numerical results for a sequence of consecutive various
single spike overloads with overload ratios Rol ranging from 1.25 to 2.25. The best ﬁt between experiment and
simulation was achieved with a parameter set of L∗0 = 0.00154mm and n= 0.87. It can be seen that the conventional
SYM is not able to describe any crack acceleration at all. In contrast, the extended SYM can adequately describe
this large range of overloads. Regarding variable amplitude loading under random load sequences the model was
compared with experimental results obtained with the load spectrum WISPERX. In Fig. 4b it can be seen, that using
the extended SYM it is possible to obtain conservative predictions of the lifetime. Furthermore, Fig. 4b shows the
inﬂuence of the parameters of Eq. (5) on the ﬁnal lifetime. The better the parameters L∗0 and n are adjusted to the
consecutive single overloads, the more precisely is the ﬁnal lifetime prediction for the load sequence. In contrast,
simulations with the conventional SYM result in non-conservative predictions.
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